The objective of this work was to assess the functionality of the glycolytic pathways in the bacterium Xylella fastidiosa. To this effect, the enzymes phosphoglucose isomerase, aldolase, glyceraldehyde-3-phosphate dehydrogenase and pyruvate kinase of the glycolytic pathway, and glucose 6-phosphate dehydrogenase of the Entner-Doudoroff pathway were studied, followed by cloning and expression studies of the enolase gene and determination of its activity. These studies showed that X. fastidiosa does not use the glycolytic pathway to metabolize carbohydrates, which explains the increased duplication time of this phytopatogen. Recombinant enolase was expressed as inclusion bodies and solubilized with urea (most efficient extractor), Triton X-100, and TCA. Enolase extracted from X. fastidiosa and from chicken muscle and liver is irreversibly inactivated by urea. The purification of enolase was partial and resulted in a low yield. No enzymatic activity was detected for either recombinant and native enolases, aldolase, and glyceraldehyde-3-phosphate dehydrogenase, suggesting that X. fastidiosa uses the Entner-Doudoroff pathway to produce pyruvate. Evidence is presented supporting the idea that the regulation of genes and the presence of isoforms with regulation patterns might make it difficult to understand the metabolism of carbohydrates in X. fastidiosa.
Introduction
Xylella fastidiosa is a rough, nonmotile, nonsporeforming, Gram-negative, rod-shaped bacterium. It is present in the xylem of infected plants, and has been detected in many plants of economic importance such as sweet oranges, grapevines, plums, peaches, almonds, coffee, alfalfa, pears, and oak (Purcell and Hopkins, 1996) . The bacterium obstructs the vascular system of the plant, causing water stress and a nutritional disorder. X. fastidiosa is transmitted by contaminated grafting or budwood and by different vector insects, mainly sharpshooters (Cicadellidae and Cercopidae) (Hartung et al., 1994) .
The elucidation of infection mechanisms and plantpathogen interactions may contribute to the control of this phytopathogen. In this context, the strain 9a5c of X. fastidiosa was the first plant phytopathogen completely sequenced by a consortium of researchers in Brazil (Simpson et al., 2000) . Cosmid sequencing was one of the strategies used and this study focuses on the sequence of cosmid 02F10. The phytopathogen genome and information on the sequencing and cosmid annotation can be found on the Internet (http://onsona.lbi.dcc.unicamp.br/xf/).
The data generated by the sequencing of X. fastidiosa can be used for functional genetic studies. An analysis of the X. fastidiosa genome as related to the carbohydrate metabolism showed the presence of all genes encoding the enzymes which participate in the glycolysis, citric acid cycle and electron transport chain (Ferreira, 2000) . On the other hand, the pentose phosphate pathway and gluconeogenesis seem to be incomplete. This could be a possible explanation for the long duplication time of this bacterium, since the available carbohydrates are also directed to the cell wall synthesis. In this context, this study attempted to establish whether these pathways are functional or whether there are alternative pathways. The functionality of the glycolytic pathway was evaluated by study the enzymes phosphoglucose isomerase, aldolase (glyceraldehyde-3-phosphate-lyase), and glyceraldehyde-3-phosphate dehydrogenase, whereas the Entner-Doudoroff pathway was evaluated by study the enzyme glucose 6-phosphate dehydrogenase. Cloning and determination of the enolase gene expression and activity (2-phospho-D-glycerate hydrolyase) were also performed. Enolase is an entirely cytoplasmatic metalloenzyme with an approximate molecular weight of 40 to 50 kDa, requiring magnesium for its activity. It catalyzes the dehydration of 2-phosphoglycerate (PGA) to phosphoenolpyruvate (PEP) during glycolysis, and also the reverse reaction, hydration of PEP to PGA, during gluconeogenesis (Wold, 1971) . The gene for this enzyme was identified in cosmid 02F10 and called XF1291.
Material and Methods
Enolase cloning, expression and purification
The nucleotide sequence of X. fastidiosa enolase was cloned by PCR products. Two forward primers with a NdeI restriction site were synthesized (Enolase F-5' CGT TTT CTT ACA TAT GAT G 3' and Enolase 32F-5' GTT GAC TGG ACA TAT GAC CGC TAT TGC C 3'), as well as one reverse primer with a Hind III restriction site (Enolase R-5' GCC AGT TAC AAG CTT ATC AGG ACT T 3'), in order to facilitate the cloning into the expression vector. These two combinations of primers allowed the amplification of the gene, beginning with two possible initiation methionines, one at position 1, and the other at position 32. A fourth primer (Enolase 396-5' AAT AAG GGG CGT TTG GGG GCT 3') was synthesized at position 396, to help the sequencing. Amplification was performed by a Perkin Elmer 2400 thermal cycler, using 100 ng of cosmidial DNA (02F10) harboring the enolase gene of X. fastidiosa, 5 pmoles of each primer, 1U of Taq DNA Polimerase (Gibco), 200 µM of dNTPs, 50 mM of MgCl 2 and 10x Taq buffer. The following protocol was used: an initial denaturation step of 2 min at 94°C, followed by 35 cycles of 90 s. at 94°C; 30 s at 54°C; and 90 s at 72°C. The amplified fragments were loaded onto a 0.8% lowmelting-point (LMP) agarose gel, recovered and purified according to Birren et al. (1997) . Afterwards, the fragment was cloned in a T vector, using a pGEMT System II kit (Promega), as recommended by the manufacturers. Then an E. coli DH10B strain was transformed by electroporation (Bio Rad Gene Pulser II), using 50 mF of capacitance, 200 Ω low range, ∞ Ω high range and adjustment to 1.5 kV. Plasmid minipreps were prepared from the colonies (Griffin and Griffin, 1993) , and 0.5µg of the obtained DNA were digested with the restriction endonucleases Hind III and Nde I (Biolabs), as recommended by the manufacturers, to confirm the presence of the insert. The clones with inserts of expected size were sequenced using a Big Dye Terminator kit (ABI-Perkin Elmer), with 5 pmoles of primers T7 and SP6 (specific for T vector), 400 ng of DNA, 2 µL of Big Dye Terminator, 6 µL of 2.5x buffer (200 mM of Tris-HCl pH 9.0; 5.0 mM of MgCl 2 ) and the following protocol: initial denaturation at 96°C for 2 min, and 39 cycles of 30 s at 96°C, 15 s at 50°C, and 4 min at 60°C. The amplification product was analyzed in an ABI Prism 377 DNA Automated Sequencer (Perkin-Elmer). After confirming by sequencing the correct clone of each construction, a largescale preparation of DNA was made, using the WizardR Plus Maxipreps DNA Purification System Kit (Promega), as recommended by the manufacturer. Five micrograms of each DNA sample were digested with Hind III and Nde I, loaded onto a 0.8% LMP agarose gel, recovered and purified (Birren et al., 1997) . The fragments were subcloned in the expression vector pET 3a, which had been previously digested with the endonucleases Hind III and Nde I. The proportion used was 4 volumes of the vector for 1 volume of the insert, 2 µL of 10x buffer for T4 DNA ligase, 0.5 µL of T4 DNA ligase from Bio Labs (400 U/µL), in a final volume of 20 µL. After 16 h at 15°C, 4 µL of the DNA solution were used in the electroporation of 40 µL of BL21 (DE3) pLYS-S E. coli cells. The colonies were cultured for 3 h in 3 mL of 2xTY medium containing carbenicillin and chloramphenicol at 200 µg/mL, plus isopropylthiogalactoside (IPTG) in a concentration of 0.4 mM as an inducer (Sambrook et al., 1989) , until the OD 600 was 0.8 to 1.0. Cells were centrifuged (16,000 g for 5 min at 4°C) and lysed with 50 µL of 2x lysis buffer (125 mM Tris-HCl pH 6.8; 4% w/v SDS; 20% v/v glycerol; 5% v/v β-mercaptoethanol; 0.01% w/v bromophenol blue). After heating at 95°C for 5 min, they were centrifuged again (16,000 g for 10 min), and 15 µL of the supernatant were loaded onto a 12% SDS-PAGE polyacrylamide gel (Laemmli, 1970) . Large-scale enolase expression studies were done according to Monteiro et al. (1994) , and inclusion bodies were solubilized by using urea (Glover and Hames, 1995) . Other denaturing agents less chaotropic than urea were also tested, such as 3% Triton X-100 and 2.5 M sodium trichloroacetate (TCA). To the induced and lysed bacteria, 10 volumes of pH 8,0 buffer (50 mM Tris HCl; 2.0 mM MgSO 4 ; 0.1 mM EDTA; 8.0 M urea and 1.4 mM β-mercaptoethanol) were added, followed by centrifugation for 45 min at 6,500 g at room temperature. The supernatant was loaded onto a DEAE-Sepharose Fast Flow column (Pharmacia) (18 x 2 cm) balanced with 10 mM Tris-HCl pH 9.0, 5 mM MgSO 4 , 1 mM EDTA, 1 mM β-mercaptoethanol, and 8 M urea, at a flow rate of 8 mL/h. Enolase was eluted using NaCl gradient (0-250 mM). Fractions containing enolase were collected and dialyzed in 15 mM NaH 2 PO 4 / Na 2 HPO 4 , pH 6.2 buffer containing 3 mM MgSO 4 , 1 mM β-mercaptoethanol, with decreasing amounts of urea (6, 4, 2, 1, and 0 M). Finally, the extract was loaded onto a CM-Sepharose column (Pharmacia) (18 x 2 cm) at a flow rate of 8 mL/h at 4°C. The absorbance of the eluate frac-tions was determined at 280 nm, and the protein profile was analyzed in 12% SDS-PAGE polyacrylamide gels.
Growth of X. fastidiosa, DH5α and JM101 E. coli strains, and enolase extraction X. fastidiosa was grown at 30°C and 150 rpm for 7 days in 100 mL of XDM 2 medium . The cells were harvested by centrifugation (6,500 g for 15 min at 4°C) and resuspended in 1 mL of TE-sucrose buffer (50 mM Tris-HCl pH 8.0; 1 mM EDTA pH 8.0; 25% w/v sucrose). They were sonicated using a Branson Sonifier 250 apparatus (pulses of 10 s, 60 W, for 6 min), and centrifuged at 6,500 g for 5 min at 4°C.
E. coli strains DH5α and JM101 were grown in 500 mL of minimum medium (Sambrook et al., 1989) at 37°C and 250 rpm for 16 h. Cells were centrifuged at 6,500 g for 15 min at 4°C and resuspended in 20 mL of TE-sucrose buffer. Lysis was performed 4 times in a French Pressure Cell Press (16,000 psi), and the lysed cells were centrifuged at 6,500 g for 15 min at 4°C. The pellet was discarded and the supernatant was used for further studies.
Extraction of enolase from chicken muscle and liver
Each muscle sample was homogenized with 10 mM Tris-HCl, pH 9, containing 0.5 mM MgSO 4 , 1 mM EDTA and 1 mM β-mercaptoethanol (10 mL/g) in an Ultra Turrax tissue homogenizer (Marconi), at 4°C. One mL of the homogenate was centrifuged at 16,000 g for 10 min at 4°C, and the supernatant was used to evaluate enolase activity.
The same procedure was used to obtain the crude extract of another muscle sample with 5 mM NaH 2 PO 4 / Na 2 HPO 4 , pH 6.2, 3 mM MgSO 4 , and 1 mM β-mercaptoethanol. Liver samples were prepared in the same manner.
Two protocols were followed to prepare the liver and muscle samples. By the first one, one sample of each tissue was homogenized with 10 mM Tris-HCl, pH 9, containing 0.5 mM MgSO 4 , 1 mM EDTA and 1 mM β-mercaptoethanol (10 mL/g) in an Ultra Turrax tissue homogenizer (Marconi), at 4°C. One mL of the homogenate was centrifuged at 6,500 g for 10 min at 4°C, and the supernatant was used to evaluate enolase activity. By the second protocol, homogenization was done using 5 mM NaH 2 PO 4 / Na 2 HPO 4 , pH 6.2, 3 mM MgSO 4 , and 1 mM β-mercaptoethanol. The liver and muscle samples were centrifuged as described above, and the supernatant was used to determine enolase activity.
Enolase activation
Since enolase was expressed as inclusion bodies, a treatment with guanidine-HCl was necessary to allow the extraction of the enzyme in an active folded configuration. In vitro recombinant enolase activation was carried out according to Vuillard and Freeman (2001) . Briefly, the pellet from a liter of bacterial suspension was resuspended in 20 mL of 50 mM HEPES-NaOH pH 7.5, 0.5 M NaCl, 1 mM PMSF, 5 mM DTT containing 0.35 mg/mL lysozyme, and then incubated for 30 min at 20°C. Triton X-100 was added to a concentration of 1% (v/v), followed by ultrasound sonication in bursts of 30 s and cooling, until the solution cleared. The extract was treated with DNase I (20 µg/L) for 1 h at 37°C, and centrifuged at 30,000 g for 30 min at 4°C. The pellet (inclusion bodies) was washed twice with TBS containing 1% Triton X-100, centrifuged at 30,000 g for 30 min at 4°C, and then solubilized for 1 h at 4°C in 2 mL of 50 mM HEPES-NaOH pH 7.5, 6 M guanidine-HCl, 25 mM DTT. After centrifugation at 100,000 g for 10 min, the insoluble material was removed. The protein concentration in the supernatant was adjusted to 1 mg/mL using 50 mM HEPES-NaOH pH 7.5, 6 M guanidine HCl, 25 mM DTT, and then diluted (1:10) as quickly as possible with cold folding buffer (50 mM HEPES pH 7.5, 0.2 M NaCl, 1 mM DTT, 1 M NDSB201). After 1 h at 4°C, it was dialyzed overnight against 15 mM NaH 2 PO 4 /Na 2 HPO 4 , pH 6.2 buffer containing 3 mM MgSO 4 and 1 mM β-mercaptoethanol, at 4°C.
Determination of enolase activity and stability
Enolase activity was determined according to Kurstrzeba et al. (2000) , using phosphoenolpyruvate (PEP) and 2-phosphoglycerate (2-PGA) as substrates. Total protein in the supernatants of X. fastidiosa, E. coli, and chicken tissue extracts (liver and muscle) was determined according to Hartree (1972) . Ten microliters of the supernatants of X. fastidiosa, E. coli and chicken tissue extracts (liver and muscle) were used to determine enzyme activity, by monitoring for five days. Enolase stability was evaluated by adding 8 M of urea to the supernatants and then removing it by dialysis at 4°C against 15 mM NaH 2 PO 4 /Na 2 HPO 4 , pH 6.2 buffer containing 3 mM MgSO 4 and 1 mM β-mercaptoethanol. Enolase activity was determined before and after the addition of urea, and also after its removal.
Growth and preparation of crude extract of X. fastidiosa enzymes
The pre-inoculum of X. fastidiosa was obtained from cultures in solid XDM 2 medium . This medium is composed of The enzymes involved in carbohydrate utilization were activated as follows, X. fastidiosa was grown in 100 mL of three different liquid media at 30°C and 150 rpm for 10 days, and in a fourth solid medium at 30°C for 10 days. The liquid medium XDM 2 (medium1) was used as a control and as a basis to evaluate the utilization of carbon sources in the modified media. The rationale was that, without carbon from amino acids, glucose would be the only carbon source available to the bacteria in the medium. Therefore, no amino acids were added to medium XDM 2 , and other nitrogen sources were added to media 2, 3, and 4, respectively, KNO 3 (0.2 g/L), NH 4 NO 3 (0.2 g/L), and KNO 3 (0.2 g/L). Agar was added at a concentration of 15 g/L, and the pH was adjusted to 6.8. E. coli DH5α was grown in 100 mL minimum medium and used as a standard.
After cultivation in the different media, the bacteria were centrifuged (16,000 g for 5 min at 4°C), washed twice with saline (NaCl 0.85%) and resuspended in 0.5 mL of an appropriate buffer (Tris-HCl 0.1M pH 7.2, 5 mM MgCl 2 , 15% glycerol, and 0.1% β-mercaptoethanol). The cell pellets were resuspended in the same buffer containing 1 mg/mL of lysozyme and incubated at room temperature for 10 min. The suspension was centrifuged (16,000 g for 5 min at 4°C), and the pellet was resuspended in sonication buffer (0.1 M Tris-HCl pH 8.8 with 15% glycerol). After sonication with a Branson Sonifier 250 apparatus (pulses of 10 s, 60 W for 10 min) and centrifugation at 16,000 g for 5 min at 4°C, 50 µL of X. fastidiosa extracts and 5 µL of E. coli DH5α supernatant samples were used for enzyme studies.
Polyacrylamide gel electrophoresis
Enzymes were electrophoresed in 10% gels at 4°C (Davis, 1964) , and the activities of phosphoglucose isomerase (PGI -EC 5.3.1.9), glucose 6-phosphate dehydrogenase (G6PDH -EC 1.1.1.49), aldolase or glyceraldehyde-3-phosphato-lyase (ALD -EC 4.1.2.1.3), glyceraldehyde-3-phosphate dehydrogenase (GAPDH -EC 1.2.1.1.2), and pyruvate kinase (PK -EC 2.7.1.40) were evaluated according to Alfenas (1998) , using substrates specific for each enzyme.
Results and Discussion
It is usually difficult to obtain soluble proteins when they are expressed in prokaryotes such as E. coli, because inclusion bodies may be formed. These are insoluble protein aggregates composed of inadequately folded proteins that become inactive (Vuillard and Freeman, 2001 ). However, the solubilization of expressed proteins can be obtained under denaturing conditions. The most challenging point is to obtain a natively folded protein that shows biological activity (Vuillard and Freeman, 2001 ). The expression of X. fastidiosa enolase was no exception, and the solubilization of the inclusion bodies was attempted with 8 M urea, Triton X-100, and TCA. The results showed that Triton X-100 and TCA were not efficient in rupturing the membrane of the inclusion bodies (data not shown). Thus, enolase was extracted from the inclusion bodies with urea, which was the most efficient denaturing agent.
Using the BLASTP tool from NCBI, similarity comparisons between the enolase of X. fastidiosa and of other eukaryotes and prokaryotes confirmed that the initial methionine was that located at position 32, indicating that the X. fastidiosa sequence was 1290 bp long. This methionine is the initial codon in all compared organisms.
Since enolase was expressed by both constructions as inclusion bodies, other experiments were performed with the enolase gene that was 1386 bp long. However, after the inclusion bodies were lysed by urea, the enzyme was only partially purified and the yield was low.
The electrophoretic protein profile obtained during the expression and purification of enolase is shown in Figure 1 . Ion-exchange chromatography did not remove all contaminating proteins, and the enolase obtained by this procedure presented a low degree of purity (Figure 1 ). Expressed and purified enolase showed no enzymatic activity, and other tests were then performed to investigate possible reasons for this lack of activity.
The bacterium cultured in the XDM 2 medium showed no native enolase activity, suggesting that, in X. fastidiosa, the carbohydrate metabolism does not involve the glycolytic pathway. This hypothesis is based on the fact that the enolase extracted from chicken muscle and liver did show enzymatic activity in the presence of the substrates phosphoenolpyruvate (PEP) and 2-phosphoglycerate (2PGA) ( Table 1) , and was stable for five days. Besides, DH5α and JM101 E. coli strains also showed enolase activ- 206 Facincani et al.
Figure 1 -Electrophoretic protein profile of the stages of enolase purification. Electrophoresis was performed using 12% SDS-PAGE polyacrylamide gel, staining was done with Coomassie Blue. Samples loaded onto the gel were: 15 µL non-induced sample (NI), 5 µL induced sample (I),ity using the two substrates, indicating that enolase is bifunctional (Table 1 ). The addition of urea and its removal by dialysis in enolase samples taken from chicken muscle and liver demonstrated that urea is the most efficient extracting agent. Nevertheless, it denatured enolase irreversibly and can therefore not be used to extract enolase from inclusion bodies.
The study of the effect of guanidine on the activation of proteins present in inclusion bodies revealed that this is also an efficient enolase denaturing agent, since no recombinant enolase activity was observed after activation experiments.
Since neither the recombinant nor the native enolase of X. fastidiosa showed any activity, some enzymes of the glycolytic and the Entner-Doudoroff pathways were chosen to evaluate the possible alternative carbohydrate metabolism pathway in this microorganism.
Analysis of the activity of glycolytic pathway enzymes
The activity of these enzymes is shown in Table 2 . Surprisingly, the enzymes of the glycolytic pathway (aldolase and glyceraldeyde-3-phosphate dehydrogenase) were not detected. Nevertheless, glucose-6-phosphate dehydrogenase activity was detected; suggesting that X. fastidiosa uses the Entner-Doudoroff pathway to produce pyruvate. Another finding corroborates this hypothesis: The X. fastidiosa genome showed no ORFs (open reading frames) with products similar to phosphoglucanate dehydrogenase. Thus, it would be impossible to use the pentose pathway to produce ribose-5-phosphate. A second possibility worth considering is that the growth conditions of the bacteria might affect the regulation of the genes involved in carbohydrate metabolism. The results obtained for the activity of the enzymes extracted in media 2 and 4 showed the same pattern in the two different growth conditions tested, i.e., a more aerated environment (liquid medium) or a less aerated environment (solid medium). This may be explained by the fact that X. fastidiosa shows aerobic respiration in high aeration levels, but not in limiting oxygen conditions, since it has no high oxygen affinity cytochrome (Bhattacharyya et al., 2002) . Besides, the glycolytic enzymes are difficult to be detected, due to the influence of a great range of factors, such as methodology, stage of development of the organism, ingredients of culture media, stress, and growth conditions. These can result in a complex situation that elucidates the quantitative relationships and respective metabolic functions, and also regulating properties of different isoforms (Rivoal et al., 2002) .
The use of carbohydrates, especially glucose, as a source of carbon and energy is almost universal among bacteria, Archaea bacteria and eukaryotes. However, carbohydrate metabolism differs considerably among them (Romano and Conway, 1996) . In almost all modern bacteMetabolism of Xylella fastidiosa 207 Table 1 -Activity of enolases extracted from chicken muscle and liver, from bacteria DH5α, JM101, and X. fastidiosa, and activity of recombinant enolases. Recombinant enolase and enolase from chicken muscle and liver were extracted using two different buffers. Activity was estimated using 2-phosphoglycerate (2-PGA) and phosphoenolpyruvate (PEP) and 10µL of the supernatant of these solutions. ND -not detected.
Activity (10 -4 ) (min.µg protein)
Buffer 1 (2-PGA) Buffer 1 (PEP) Buffer 2 (2-PGA) Buffer 2 (PEP) After urea addition and removal Liver ria and eukaryotes, glycolysis or the EmbdenMeyerhoff-Parnas pathway is the pathway used to metabolize monosaccharides, which come directly from the environment or from the breakdown of several types of carbohydrates. As a rule, the initial substrate is glucose-6-phosphate or fructose-6-phosphate. These pathways ultimately produce pyruvate, which is the main intermediate of central metabolism, since it is present in several catabolic and anabolic pathways. Concerning the energy metabolism, all glycolytic enzymes were identified in the genome of Xylella fastidiosa. Gluconeogenesis may be cited as one of the apparently absent pathways, since the enzymes which are necessary to overcome the irreversible step in glycolysis, namely pyruvate carboxylase, phosphoenolpyruvate carboxykinase, and fructose-1,6-bisphosphatase, were not identified (Simpson et al., 2000) .
The importance of gluconeogenesis seems to be the production of glucose or derivatives, which are phosphorylated at positions 1 or 6. These could then be used in biosynthetic processes, such as the synthesis of cell walls, using non-glycidic compounds as intermediates of the citric acid cycle, glycerol, lactate, and gluconeogenic amino acid. Thus, the breakdown of such compounds may overcome the lack of glucose necessary for metabolism (Voet and Voet, 1995) .
It is also possible that there are non-homologous genes among the large number of unidentified X. fastidiosa genes, which may compensate for steps in such critical pathways (Simpson et al., 2000) . The initial trend is to consider that this is a case of substitution of non-homologous genes. However, if the enzyme fructose 1,6-biphosphatase is confirmed to be absent in X. fastidiosa, this might also be an explanation for the reported long duplication time of this microorganism. Without a functional gluconeogenesis, X. fastidiosa would not have any other substrate other than absorbed carbohydrates to synthesize the cell walls. Consequently, there would be a continuous competition for the use of carbohydrates, with a consequent decrease in the rate of cellular wall synthesis and an increase in duplication time (Ferreira, 2000) .
For the sake of a comparison, there are two species of bacteria already sequenced and annotated that are genetically close to X. fastidiosa: E. coli and Haemophillus influenzae. The fact that the ORFs of the enzymes of most metabolic pathways have already been identified may be due only to a greater similarity between the proteins of X. fastidiosa and the ones in the database. On the other hand, since xylem is a poor growth medium, as compared to the habitat of animal pathogens, we could infer that X. fastidiosa needs a complete central metabolism and has to synthesize most, if not all, of its metabolic intermediates.
In organisms in which glycolysis is absent, and even in organisms that use glycolysis as the main monosaccharide breakdown pathway, there is a metabolic pathway, or variations of it, called the Entner-Doudoroff pathway. This pathway uses glucose-6-phosphate as an initial substrate, proceeding towards glucono-1,5-lactone-6-phosphate, 6-phosphogluconate, and 2-keto-3-deoxy-6-phosphogluconate (Figure 2) . Usually, the pathway is used in bacteria for the glucoronate metabolism, producing a liquid energy balance of 1 mol of ATP per mol of glucoronate or glucose, depending on the initial substrate (Romano and Conway, 1996) .
However, in the Archaea bacterium Pyrococcus furiosus, both a hexokinase and a phosphofructokinase were discovered which are ADP-dependent and form AMP. This sugges that glycolysis was used as glucose metabolism pathway, which was confirmed by enzymatic activity and C 13 studies (Kengen et al., 1994) . This finding reinforces the theory that a simple comparison of the sequences of homologous proteins is a preliminary mechanism for the identification of metabolic pathways, however, it must not be considered as decisive, since there is a possibility that analogous enzymes may exist performing similar functions in a completely different way from the one that has already been described.
ORFs were identified in the X. fastidiosa genome encoding the most common glycolysis enzymes and also the enzymes of the Entner-Doudoroff pathway, showing its similarity to E. coli. Thus, in the presence of available carbohydrates, these pathways can guarantee the production of pyruvate.
The physiological role of the Entner-Doudoroff pathway in E. coli is still unclear. The finding of the glucose dehydrogenase-dependent pyrroloquinoline quinonae (PQQ), which catalyzes the oxidation of glucose to gluconic acid in the periplasm, suggested an alternative route for glucose catabolism in E. coli (Hommes et al., 1984) . In X. fastidiosa, two ORFs encoding this gene were found (XF-1740 and XF-2259) . A low concentration of phosphate indirectly promotes the use of the Entner-Doudoroff pathway, by providing access of PQQ into the periplasm rather than directly, by derepressing edd (that codifies 6-phosphogluconate dehydratase) and eda (that codes 2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase) (Fliege et al., 1992) .
An analysis of the genome sequences that have already been published and of those partially completed indicates that the Entner-Doudoroff pathway is present in several organisms. This is not surprising, since enzymes of the Entner-Doudoroff pathway have been shown to be widely distributed amongst bacteria and to be present in all three phylogenetic domains, including the most deeply rooted Archaea (Peekhaus and Conway, 1998) . Recently, three organisms phylogenetically close to X. fastidiosa were sequenced, namely Xanthomonas campestris pv. campestris, Xanthomonas axonopodis pv. citri (da Silva et al., 2002) , and the Termecula strain of X. fastidiosa, which is responsible for Pierce's Disease in grapevine. It was pro- posed that all of them possess the two previously described enzymes, responsible for the active pathway. This idea is corroborated by the great similarity of habitats of these phytopathogenic organisms and the constituents of these habitats.
In a comparative analysis of the glycolytic enzymes from 17 completely sequenced genomes (Archaea, bacteria and yeast), a surprising plasticity of the glycolytic pathway was detected. Enzymes of the Entner-Doudoroff pathway are not so well conserved, when compared to second-phase enzymes of glycolysis. This fact might be explained by the coexistence of the two pathways in several species (Dandekar et al., 1999) .
In studies of the glucose-repressive genes in Bacillus subtilis, which are genes induced after the consumption of glycolytic carbon sources, when glucose was added, the repression of the expression of these genes was maintained.
